A highly ordered TiO 2 nanotube array has been prepared on a commercial pure titanium substrate in a hydrofluoric (HF) electrolyte using a DC power source through two-step anodic oxidation. The morphology, composition, wettability and surface energy of the nanotube array have been characterized by using a field-emission scanning electron microscope (FE-SEM), a transmission electron microscope (JEM-2010) with energy-dispersive X-ray spectrometer EDX (INCA OXFORD), X-ray diffraction method, an atomic force microscope (AFM), an optical contact angle measuring device and the Owens method with two liquids. The electrochemical behaviours of anodic oxidation films with different structures have been investigated in Sodium Lactate Ringer's Injection at 37+18C by potentiodynamic polarization curve and electrochemical impedance spectroscopy. The formation mechanism of the nanotube array and the advantages of two-step oxidation have been discussed according to the experimental observation and the characterized results. Meanwhile, the structural changes of nanotubes are analysed according to the results of impedance spectroscopy. Cytotoxicity testing and cell adhesion and proliferation have been studied in order to evaluate the bioactivity of the nanotube array film. The diameters of nanotubes are in the range of 120-140 nm. The nanotube surface shows better wettability and higher surface energy compared to the bare substrate. The nanotube surface exhibits a wide passivation range and good corrosion resistance. The growth of the nanotube array is the result of the combined action of the anodization and field-assisted dissolution orderly. Moreover, the nanotube array surface is non-toxic and favourable to cell adhesion and proliferation. Such nanotube array films are expected to have significant biomedical applications.
A highly ordered TiO 2 nanotube array has been prepared on a commercial pure titanium substrate in a hydrofluoric (HF) electrolyte using a DC power source through two-step anodic oxidation. The morphology, composition, wettability and surface energy of the nanotube array have been characterized by using a field-emission scanning electron microscope (FE-SEM), a transmission electron microscope (JEM-2010) with energy-dispersive X-ray spectrometer EDX (INCA OXFORD), X-ray diffraction method, an atomic force microscope (AFM), an optical contact angle measuring device and the Owens method with two liquids. The electrochemical behaviours of anodic oxidation films with different structures have been investigated in Sodium Lactate Ringer's Injection at 37+18C by potentiodynamic polarization curve and electrochemical impedance spectroscopy. The formation mechanism of the nanotube array and the advantages of two-step oxidation have been discussed according to the experimental observation and the characterized results. Meanwhile, the structural changes of nanotubes are analysed according to the results of impedance spectroscopy. Cytotoxicity testing and cell adhesion and proliferation have been studied in order to evaluate the bioactivity of the nanotube array film. The diameters of nanotubes are in the range of 120-140 nm. The nanotube surface shows better wettability and higher surface energy compared to the bare substrate. The nanotube surface exhibits a wide passivation range and good corrosion resistance. The growth of the nanotube array is the result of the combined action of the anodization and field-assisted dissolution. The nanotube array by two-step oxidation becomes more regular and
Introduction
It is often reported that titanium and its alloys are extensively used as implants in orthopaedics and dentistry for their superior mechanical properties, low modulus, excellent corrosion resistance and good biocompatibility. These excellent properties have already brought widespread clinical success. But titanium cannot directly bond to the bone because it is bioinert. The native oxide layer spontaneously formed on titanium is thin (about 3-8 nm), uneven, amorphous and stoichiometrically defective [1] [2] [3] [4] .
Materials implanted into the human body are hostile and extremely sensitive [5, 6] . It is necessary to improve the biological properties of the titanium surface in order to promote the bond between materials and bone. Therefore, a variety of methods have been attempted over the past decades to further improve the coating quality and optimize the biocompatibility of titanium surfaces, such as ion implantation, plasma spray, alkali treatment and pulsed laser deposition [6] [7] [8] [9] [10] [11] .
Among the methods which improve the interfacial properties and clinical lifetime of Ti-based implants, anodization has attracted great attention because of its controllable, reproducible results and its being a simple process [12] [13] [14] [15] . The fabrication of TiO 2 nanotube array by anodic oxidation on titanium foils in fluoride-based electrolyte solution was first reported in 2001 by Grimes et al. [16] . The anodic oxide layer is porous and highly ordered. Subsequently, most studies focused on the surface morphology and preparation techniques of nanotubes [17] [18] [19] . However, the accurate growth mechanism is still in the speculative stage and needs more in-depth studies [20 -22] . It has been found recently that nanoscale porous and tubular oxide layers on titanium implants can promote the bioactivity of substrates [23] [24] [25] [26] [27] . Interactions between implants and cells mainly depend on surface properties such as topography, composition, surface roughness, wettability and surface energy [28, 29] . The physical and chemical properties of these nano-dimensional structures are strongly dependent on their geometrical features such as tube diameter, tube length and wall thickness, etc., which also determine the function of these nanostructured functional materials [30] [31] [32] . But, the surface physicochemical properties of implants are very important for the biomedical applications.
In the present work, on the basis of drawing on porous alumina membrane preparation, highly ordered nanotube oxide films have been prepared on commercial pure titanium (CP-Ti) in fluoridebased electrolyte by the two-step oxidation method. The ordering of nanotubes has been improved effectively. The surface properties of the nanotube array, including morphology, composition, roughness, wettability, surface energy and electrochemical behaviours, are investigated. The possible formation mechanism and the structure of nanotube are analysed based on the previous studies and this experiment. And the initial interaction between nanotubes and cells is also observed and discussed.
The whole process of anodization is completed at 258C. The anodized samples are washed with distilled water repeatedly and dried with a blower after anodization.
Characterization
The surface, lateral and bottom morphologies as well as the element composition of the oxide films anodized under different oxidation parameters were observed by a field-emission scanning electron microscope (FE-SEM) (FEI SIRION 200) and a transmission electron microscope (TEM) (JEM-2010) with an energy-dispersive X-ray spectrometer EDX (INCA OXFORD). The heating rate was 58C min 21 .
The phase components of the as-formed and the heat-treated nanotubules were analysed using X-ray diffraction (C/max-2550/PC) with Cu Ka radiation at 35 kV and 200 mA in the range of 208 -808, a scanning speed of 58 min 21 and a step size of 0.028.
The surface roughness of the before and after anodized samples was measured by a steep instrument (AS500). The scan was used four times with a scan distance of 2 mm at different regions on each sample for obtaining an average roughness value Ra. The stylus radius was 12.5 mm. The surface profile of the nanotube structure was examined by an atomic force microscope (AFM, Multimode Nanoscope Scanning, Veeco) to observe the surface relief. The force constant and the resonance vibration frequency of the typical tip (NSC611) were 48 N m 21 and 330 KHz, respectively. The measurements were conducted in ambient air under tapping mode. The scan area was 2 Â 2 mm
2
. AFM data were analysed using the Nanoscopev7.20 software.
To explore the wettability and surface energy of the nanotube surface, the sessile drop method was used for contact angle measurements with an optical contact angle measuring device (OCA20) with a camera. A 4 ml droplet of distilled water or diiodomethane (CH 2 I 2 ) was dripped from the tip of microliter syringe on the surface of samples and paused 5 s, then the contact angles between the drop and substrate were measured; meanwhile, the images were collected by the camera. At least five measurements were made on different spots for each specimen. The Owens methods with two liquids [33] Sigma) to each well, followed by 3 h of incubation at 378C. MTT is a yellow tetrazolium salt that is reduced only in living, metabolically active cell mitochondria [34, 35] . After reduction, a violet formazan dye is formed and the amount of living cells can be quantitated spectrophotometrically [36, 37] . Medium and MTT were removed. The formazan product was then solubilized in 100 ml 0.04 mol l l
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HCl in isopropanol. The amount of this dye was quantified by measuring the absorption at 570 nm using an automated plate reader (Perkin-Elmer). Extracts were rated as severely (less than 30%), moderately (30-60%), slightly (60 -90%) or not cytotoxic (greater than 90%) based on the activity relative to control values. In this work, all TiO 2 nanotube samples for biological experiments were ultrasonically cleaned for half an hour in the distilled water and were immersed into the distilled water for 24 h to minimize HF electrolyte residues in the interior of nanotubes and crevices among nanotubes.
Cell adhesion and proliferation
The experimental cells were mouse C 3 H 10 T 1/2 fibroblasts with multi-differentiation potential (provided by Cell Resource Center of Chinese Academy of Sciences Institute of Life Sciences). The C 3 H 10 T 1/2 fibroblasts were inoculated in the 10 cm Petri-dish placed in an incubator by 10% fetal calf serum DMEM medium with 1 Â 10 4 cells per ml density of a total of 10 ml, 378C, 5% CO 2 . After three days, when the cells at the bottom of the dish converged, these cells were digested by 0.25% trypsin and were discontinued with 10% fetal bovine serum DMEM medium; at the same time, the cell suspension with 1 Â 10 4 ml -1 cell density was prepared for experimental studies. Pure titanium samples and nanotube array samples after disinfection were put into a 12-well plate hole, then 1.5 ml cell suspension prepared as mentioned above was put into each hole, repeated in the 3-hole, 378C, 5% CO 2 incubator. Samples were taken out after 6 h and 2.5% glutaraldehyde was added under a stable temperature (48C) and then characterized by SEM. Numerical data were analysed using standard analysis of variance techniques. The results were reported as means + s.d., and statistical significance was considered at p , 0.05. Figure 1 shows the morphologies of the nanotube array by one-step and two-step oxidation. It is obvious that the nanotube structure with two-step oxidation (figure 1b) is significantly improved in orderliness and uniformity compared to one-step oxidation (figure 1a). Relevant reasons will be discussed below. The surface morphologies obtained at different voltages are shown in figure 2 . When the applied voltage is 10 V and the oxide time is 50 min, the ordered nanoporous oxide layer with honeycomb structure appears on the titanium substrate (figure 2a). The diameters of the pores are in the range of 60-80 nm and the hole wall is about 10 nm. A large area and highly ordered nanotube array is prepared at 20 V and 50 min as shown in figure 2b and c. Irregular circular nanotubes are separate and hollow, and the gap between nanotubes is obvious. The nanotubes are 120-140 nm in the outer diameter and 90-110 nm in the inner diameter, with a wall thickness of 10 -20 nm. However, when the voltage rises up to 30 V, the tubular structure is completely damaged and the irregular porous structure covers the substrate surface instead. The results show that the tube-like structure will not form if the applied voltage is too low or too high and the applied voltage plays an important role in the process of nanotube formation.
Results

Microstructure and composition of nanotube oxide layers
The lateral and bottom view images of the nanotubes are shown in figure 3 . Straight nanotubes anodized for 50 min are about 200 nm in length (figure 3a), and the length will not increase as the time increases. There are some obvious spaced rings in the nanotube walls and this means that the wall thickness is uneven. The reasons behind this phenomenon may be voltage fluctuations in the oxidation process [38] . An in-depth study of this phenomenon will be conducted in the follow-up royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181948 experiments. In order to observe the bottom morphology of nanotubes, the film was scratched by a sharp knife resulting in a part of film at the edge of the nick peeling from the substrate. The bottom of the nanotubes and the top of the matrix that removed the nanotubes are visible as shown in figure 3b and c. The sealed tube bottom indicates that a dense barrier layer formed between nanotubes and the substrate separated the nanotubes from the substrate. On the mating Ti surface (figure 3c), there are uniform and evenly distributed concave pits which match the bottom of nanotubes. It is revealed that the bottoms of nanotubes are not flat but spherical. Moreover, there are a few small-sized nanotube bottoms with 20 -40 nm in the nanotube array (figure 3b), and their presence may be related to the competitive growth mechanism which will be discussed below. From figure 2b and c and figure 3, it is evident that the nanotubes are open on the top and closed on the bottom, meaning that the nanotube array films could be divided into three layers: nanotubes on the top, dense barrier layer in the middle, titanium substrate at the bottom. Figure 3a shows the TEM images of nanotubes. The gap between the tubes is clearly visible. The electron diffraction pattern of uniform rings but no pots indicates that nanotubes are amorphous (figure 4b). royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181948 from top to bottom of the nanotubes corresponding to figure 4c observed by TEM. The percentage of oxygen atoms (about 60%) is twice that of titanium (about 30%). At the bottom of the nanotubes, the oxygen content decreases and the titanium content increases slightly. Fluorine element from the electrolyte is detected in the nanotubes with an even distribution of about 7 -8%. It is revealed that the composition of nanotubes is uniform. Table 3 shows the average surface roughness of before and after anodized samples. The surface roughness of samples before and after oxidation does not show much difference (1.02 + 0.06 mm and 0.95 + 0.02 mm, respectively). The nanotube structure does not have much effect on the surface roughness in this experiment. The representative AFM image of the surface morphology of the nanotube-like structure is shown in figure 5 . As shown in figure 5 , at the micro-context, TiO 2 nanotube array is not in a plane and the surface has ups and downs, which may be related to the surface morphology of Ti-substrate. The rms roughness of the surface was 19.7 nm in the nanoscale.
Surface roughness and surface energy of nanotube-like structures
The sketch maps of contact angle measurement are shown in figure 6 . The average contact angle of water on the anodized sample with nanotube arrays is 17.28 and on the Ti-substrate is 86.08. Such a large difference implies that nanotube arrays significantly improve the wettability of the sample surface. Once the contact angle is over 208 it will be considered to have a surface hydrophobicity. The unanodized Ti-substrate surface shows the hydrophobic nature, and the nanotube array surface displays the hydrophilic nature.
In order to evaluate the surface energy of nanotube arrays, the Owens method was applied [33] . The surface energy can be calculated by the following equation [26] : 
where u is the contact angle of liquid (L) and solid (S). 
Electrochemical investigation of oxide layers
The representative PPC obtained for anodized samples under different oxide conditions are shown in figure 6 . The corresponding corrosion parameters are listed in royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181948
been given for stabilization of OCP before starting the experiment. Three different regions are clearly shown, which are marked as 1, 2 and 3 in figure 6 . In region 1, the anodized samples (curves (B) -(F)) exhibit active dissolution and active-passive transition behaviour. In the active -passive transition stage, the current fluctuation is relatively large accompanied by significant decreases and increases, which indicates the activation and passivation compete with each other. However, the current density of bare substrate (curve (A)) has no large fluctuation, but increases as the potential increases. In table 6, the bare substrate exhibits significantly higher values of corrosion potential (E corr ) and lower values of corrosion current density (i corr ) than anodized films, which suggests that the bare substrate shows better corrosion resistance in the active dissolution region. This may be associated with the thin compact native oxide layer on the bare substrate which spontaneously forms when exposed to air or other oxygen-containing environments [2, 3] . In region 2, the current density of each sample shows almost no change with the increase of the potential, indicating the corrosion curves enter into a stable passivation region (region 2) and this region extends over a wide potential. The passive potential is similar (about 20.39 V) and only small differences exist in the passive current density (i pass ) of each sample. It can be inferred that these anodized films with nanoporous, nanotubes and damaged nanotube structures show excellent corrosion resistance because of a wide passive potential range. When the potential reaches 1.62 V (region 3), the current density of bare substrate suddenly increases with the increase of voltage, which may be due to the breakdown of the dense passivation film on bare titanium. Meanwhile, the breakdown does not occur on these anodized films, which suggests that these anodized films have a better corrosion resistance than bare titanium throughout the entire electrochemical process. To further study the properties of anodized films with nanoporous, nanotube and damaged nanotube structures, electrochemical impedance spectroscopy (EIS) measurements have been carried out. All impedance data are expressed by bode plots which enable equal presentation of all impedance parameters. Figure 9 shows the experimental impedance results of these anodized films under different oxidation conditions in the Sodium Lactate Ringer's Injection, which are measured under open circuit conditions at 37 + 18C. At low and medium frequencies, the high impedance value of figure 7a , the bare substrate exhibits high capacitive behaviour with one time constant and high R 1 value of 4.563 Â 10 5 (table 7) , which indicates a single and compact passive layer formed spontaneously covers the substrate. The phase angle plots of sample with nanoporous surface anodized at 10 V has one extreme value and also shows one time constant (figure 7b). A similar equivalent circuit (figure 11a) is used to fit the experimental data for both the bare and nanoporous surfaces. In this circuit, C 1 and R 1 represent the capacitance and resistance of film, respectively. In figure 7c -f, the phase angle plots exhibit two extreme values for samples anodized at 20 V and 30 V, and it is estimated that two time constants control the electrode -electrolyte interface and correspond to two interfaces respectively: the barrier layer with high corrosion resistance and the outer porous layer. The curve of logf-phase angle means that both the inner compact layer and the outer porous layer are contributing to the film growth kinetics [40, 41] . According to the information reflected in phase angle plots, another similar equivalent circuit is proposed for surfaces anodized at 20 V and 30 V. In the equivalent circuit (figure 11b), C 1 and R 1 are assigned for the capacitance and resistance of the outer porous layer, meanwhile C 2 and R 2 correspond to the capacitance and resistance of the inner barrier layer. R s represents the solution resistance in two equivalent circuits.
For the sample anodized at 20 V and 25 min, the resistance of outer porous layer (R 1 ) is up to 3.16 Â meanwhile, the growth rate of film is greater than the dissolution rate resulting in a thicker barrier layer from 432.2 V to 1.728 Â 10 5 V. However, during the oxidation time up to a certain point, the structure of film becomes stable and does not change over time. In this experiment, the film structure is stable from 50 to 90 min. The previous test results, in which the length of TiO 2 nanotube arrays anodized in the same way from 50 to 90 min, confirm this inference. For the sample anodized at 30 V and 50 min, the R 1 became lower and the R 2 began to reduce, when compared to values for 20 V and 50 min. It can be concluded that the film is looser and the barrier layer thickness declines.
Cytotoxicity
The bare titanium and nanotube arrays are all rated noncytotoxic in the MTT tests in L929 cells. The MTT test for the bare titanium and nanotube arrays in L929 cells reveals that at the saturation of leaching liquor, the cell survival is approximately 100% after 24 h incubation (figure 8). 
The effect of TiO 2 nanotube array on cell adhesion and proliferation
The growth morphology of the C 3 H 10 T 1/2 cell cultured for 6 h on Ti and nanotube array surface are shown in figure 9 . On the bare titanium (figure 9a), the cells are flat-shaped and adhere to the substrate. There is no contact between cells. On the nanotube arrays (figure 9b), these cells have already spread out fully and the cell synapse has begun to contact with each other. The cell density per unit area is greater. The nanotube array surface is more favourable for cell growth, which is related to a large extent to the surface properties.
Discussion
As shown in figure 1b , the nanotube structures prepared by two-step anodization are more regular. On the basis of references about the factors affecting the formation of aluminium oxide template [42, 43] , we consider the possible reasons are as follows: The surface roughness in nanoscale has a great influence on the formation of nanotubes. The larger the roughness, the more uneven the distribution of the electric field, electrolyte and stress on the surface, thus resulting in the initial anodization with the formation of the nanotubes randomly, so the tubes in the face are poorly ordered. The two-step oxidation is based on the result of the first step. If the nanotube array by the one-step oxidation is dissolved, not only can it reduce the surface roughness of the substrate, making the surface more uniform, but also there are many uniform little concave pits after the first-step anodization on the substrate to provide regular template for the second oxidation, hence the nanotube array by the two-step oxidation is more regular. Based on the observation of surface morphology and the analysis of current fluctuation during oxidation, it is reasonable to assume that the growth process of nanotube arrays could be divided into 
4. After the formation of the initial oxide layer, as a result of electric field, these oxygen anions go through the oxide layer and reach the metal-oxide interface, where they react with the metal; at the same time Ti 4þ cations move from the metal towards the oxide-electrolyte interface. The compact film gradually thickens. (2) Under the influence of the electric field, the Ti-O bond with high bond energy (323 KJ mol 21 ) undergoes polarization and is weakened, thus promoting dissolution of the initial dense layer [44] . Meanwhile, the dissolution of the compact oxide layer appears under the joint action of acidic electrolyte and electric field (also known as field-induced dissolution, rather than a simple chemical dissolution process in the HF electrolyte). The current begins to rise at this stage. The fieldinduced dissolution of film plays a key role in the formation of nanotube structure [45] . Small royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181948 dissolution pits turn up randomly in the relatively weak parts of the film. The localized field-induced dissolution is represented by the following reaction equation:
These pits become bigger pores by field-induced dissolution and the pore density increases gradually. Pores are distributed unevenly in the dense film. The structures with external porous and internal compact layer form preliminarily [46] .
As the oxygen ions keep on migrating towards metal-oxide interface, the reactions of Ti 4þ cations and oxygen ions happen and the barrier layer moves towards the substrate continuously, while the pores become deeper and bigger by field-induced dissolution. If the formation rate of the barrier is faster than the dissolution rate, the thickness of the barrier layer increases, on the contrary decreases.
As the pores become deeper, the electric field in those protruded regions between pores becomes larger leading to enhanced field-induced dissolution, so the abruption occurs between two pores. The nanotube structure has basically formed. At this point, the rising current begins to stabilize. (3) We believe that the growth mechanism of competition exists in the process of nanotube growth. The growth competition leads to the merger between small neighbouring tubes and big tubes swallowing small tubes, so that it encourages nanotubes to become uniform. This viewpoint is supported by the SEM images of nanotubes ( figure 1 ). There are small tubes and tube wall not completely dissolved in big tubes, which reflects the process of two or several small tubes merging into a big tube and the middle tube wall is not fully dissolved. Finally, when the middle tube wall is fully dissolved, two or more small tubes combine into a big tube. When the growth competition among nanotubes achieves dynamic balance with the ongoing anodization, the structure of individual nanotubes is better ordered by a self-adjustment process. The field-induced dissolution and generation of the oxide layer in acidic electrolyte take place simultaneously. As the oxidation time extends, when the growth rate of barrier layer at the metaloxide interface, the field-induced dissolution rate of the oxide layer at the pore bottom -electrolyte interface and the field-induced dissolution rate of the porous layer at the top surface of tubes become equal, the formation and dissolution of the barrier layer and porous layer achieve dynamic balance [47] , thus the thickness of the nanotube array and the barrier layer will stop growing and remain within a certain range. After the balance between the formation and dissolution of the layer, the extension of oxide time does not change the structures of the nanotubes and barrier layer, which are supported by the analysis of EIS.
At lower voltage, only nanopores form (figure 2a). The possible reason is that the field-induced dissolution does not take place at these protruded regions among pores, because the electric field strength distributed at these protruded regions is less than the critical value of titania dissolution. In contrast, at higher voltage, the nanotube array is seriously damaged by the high electric field strength and the surface structure become looser and extremely irregular (figure 2d).
It is essential that the optimal surface characteristics should be discovered to potentially mitigate any negative effects of the bulk material on bone formation and function. For example, a sufficient thick oxide layer can restrain corrosion and release harmful compounds. Thompson & Puleo [48] suggested that ions released from implants could impair normal bone formation. Surface roughness and composition are considered to influence the properties of adherent cells [49, 50] . Based on these viewpoints proved by these reported studies and combined with the findings of this experiment, the TiO 2 film with nanotube array has significant advantages in its structure and composition for biomedical applications. On the one hand, the inner compact barrier layer can effectively prevent titanium ions from releasing into the surrounding body fluids and inhibit the corrosion of body fluids to bare substrate. The outer special structure with regular nanotube arrays improves surface wettability and increases surface energy, which can promote the adhesion and growth of cells. Rough surface is prone to providing anchor points to the cell attachment, thus mechanical interlocking form between the cells and implants resulting in enhancing the cell adhesion. On the other hand, the film contains fluorine through EDX detection. As one of the necessary trace elements in the body for life activity, fluorine has an important influence on bone growth and development of the whole body and the maintenance of bone structure and physiological functioning [51] . Theoretically, fluorine-containing nanotube films will promote the formation of bone on the surface. Additionally, MTT tests confirm that the amorphous TiO 2 nanotube film in this paper is noncytotoxic. In the bone implant materials, TiO 2 nanotube array on titanium surface has enormous potential for biomedical applications. 
Conclusion
(1) Well-ordered nanotubulars with diameters of 120-140 nm are prepared on commercial pure titanium using DC power source in the HF solution by two-step anodic oxidation. The nanotube arrays by two-step anodic oxidation exhibit a better ordering than the one-step oxidation. The oxide voltage is an important factor for the formation of nanotubes. There are fluorine elements in film except for titanium and oxygen. The composition of amorphous nanotubes is uniform from the top to the bottom. Anodized to a certain time, the structure of nanotubes will become stable. (2) The wettability and surface energy of nanotube surfaces are significantly higher than those of bare titanium, but the roughness has no much change before and after oxidation. Moreover, the electrochemical studies indicated the anodized surfaces with nanoporous nanotubes and destroyed nanotubes possess better corrosion resistance with a wide passivation range than bare titanium. (3) The vitro biological tests prove that nanotube array surfaces are non-toxic and favourable for the growth of fibroblasts. The cells on nanotubular array surfaces exhibit greater adhesion, extensibility and proliferation compared to those cultured on bare titanium.
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